The cDNA for interleukin-7 (IL-7) was recently isolated from a stromal cell line derived from a long-term B-lymphoid culture. We report that purified recombinant murine IL-7 can promote the clonal growth in semi-solid culture of a subpopulation of cells expressing the 8220 surface antigen from normal murine bone marrow. These colony-forming cells (CFC-Pre-B) give rise to colonies of 20 to 1 .OOO cells after 7 days in culture. Morphologic examination of cells within the colonies showed a characteristic lymphoid morphology. and histochemical examination demonstrated an absence of markers associated with granulocyte, macrophage. eosinophil, or megakaryocyte differentiation, as well as an absence of hemoglobinization (indicative of erythroid differentiation). IL-7 was found to specifically HE STUDY of B lymphopoiesis has been greatly T facilitated by the advent of the Whitlock-Witte (WW) long-term culture system for cells of this lineage.',* Successful maintenance of B lymphocytes in these cultures is dependent on establishment of a stromal cell network that specifically promotes B-cell survival, growth, and to a limited degree, differentiati~n."~ Interleukin-7 (IL-7) was recently purified to homogeneity' and subsequently cloned6 from a murine stromal cell line isolated from a long-term B-lymphoid culture.' This unique cytokine promotes the proliferation of both pre-and pro-B cells as measured in an 'H-thymidine incorporation assay.6 Pre-B cells have been shown to grow clonally in cultures of murine fetal liver cells in response to products released by fetal liver and bone marrow adherent cell^.'^'^ The colonystimulating factors (CSFs), IL-3, granulocyte-macrophage-CSF (GM-CSF), and macrophage-CSF (CSF-1) also promoted fetal liver pre-B cell colony growth; however, this was shown to be due to production of a secondary cytokine(s) by adherent accessory cells present in the target cell population?."
T facilitated by the advent of the Whitlock-Witte (WW) long-term culture system for cells of this lineage.',* Successful maintenance of B lymphocytes in these cultures is dependent on establishment of a stromal cell network that specifically promotes B-cell survival, growth, and to a limited degree, differentiati~n."~ Interleukin-7 (IL-7) was recently purified to homogeneity' and subsequently cloned6 from a murine stromal cell line isolated from a long-term B-lymphoid culture.' This unique cytokine promotes the proliferation of both pre-and pro-B cells as measured in an 'H-thymidine incorporation assay. 6 Pre-B cells have been shown to grow clonally in cultures of murine fetal liver cells in response to products released by fetal liver and bone marrow adherent cell^.'^'^ The colonystimulating factors (CSFs), IL-3, granulocyte-macrophage-CSF (GM-CSF), and macrophage-CSF (CSF-1) also promoted fetal liver pre-B cell colony growth; however, this was shown to be due to production of a secondary cytokine(s) by adherent accessory cells present in the target cell population?."
In the present studies, we describe the clonal growth of normal bone marrow derived colony forming cells (CFC) in response to purified IL-7. The responsive CFC are B220+ pre-B cells (CFC-Pre-B). Based on this observation of a selective stimulation of CFC-Pre-B by IL-7, we examined whether the inclusion of IL-7 in co-cultivation of normal bone marrow cells with retrovirus producing +2 clones targeted the infection to CFC-Pre-B. The results presented here demonstrate that IL-7 preferentially targets retroviral infection of CFC-Pre-B with negligible effects on myeloid committed progenitor cells (CFU-GM).
MATERIALS AND METHODS

Animals.
Young adult (6 to 8 weeks of age) female C57BL/6J mice were purchased from the Jackson Laboratory, Bar Harbor, ME.
Conditioned medium from the WEHI-3B cell line was used as a crude source of IL-3. The concentration of IL-3 was 4,000 U/mL as determined with the IL-34ependent FDC-P2 cell line." Hela cells were transfected with an expression plasmid containing the published IL-7 cDNA sequence! IL-7 was purified to homogeneity as previously described. ' The IL-7 used herein had a specific activity of =lo8 U/mg protein. Murine GM-CSF was produced in a yeast expression system and purified to homogeneity." The specific activity of this preparation was -2 x 10' U/mg protein.
Protein A purified RA3-2C2 (2C2) monoclonal antibody (MoAb), which recognizes the B220 membrane antigen on murine pre-B cells,I3 was coupled to tosylactivated Dynal magnetic microspheres (Dynal, Great Neck, NY) according to the manufacturer's instructions.
In some experiments, bone marrow cells expressing the B220 surface antigen were enriched by immunomagnetic separation using 2C2 coated magnetic microspheres. Briefly, 75X of 2C2 coated beads (9 x lo7 beads) were added to 1 x lo7 cells in 1 mL McCoy's medium (GIBCO, Grand Island, NY) with 10% heat-inactivated (56OC. 30 minutes) fetal bovine serum (FBS; Hyclone, Logan, UT). Incubation was performed on ice for 30 minutes with frequent agitation, and cells were then separated using a magnet. The 2C2 positive cells (beadcontaining fraction) were counted by trypan blue dye exclusion and kept on ice until needed. Morphologic analysis of the 2C2 positive fraction demonstrated a uniform population of small-to mediumsize lymphocytes and colony assays (see below) using the 2C2+ fraction (cells plus beads) could not detect the presence of CFU-GM responding to GM-CSF or IL-3 (10% WEHI-3B conditioned medium).
The agar (Bacto-Agar, Difco, Detroit, MI) colony-forming assay for murine CFU-GM has been de~cribed.'~ Growth of CFU-GM was stimulated with 200 U/mL of IL-3 or 50 ng/mL (1,000 U/mL) of GM-CSF and cultures were seeded at a cell density of 5 x lo4 cells/mL. A modification of the agar colony assay,I4 whereby agarose (0.4% final concentration; Sea-Plaque, FMC Corp, Rockland, ME) was used instead of agar,
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Colony-forming cell assays.
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was used for the growth of colonies in response to stimulation with IL-7 (CFC-Pre-B). Assays in agar and agarose used McCoy's medium supplemented with essential and nonessential amino acids, L-glutamine, antibiotics, sodium pyruvate, 5 x mol/L 2-mercaptoethanol, vitamins (GIBCO), and 10% FBS. CFC-Pre-B were plated at a cell density of 1 x IO5 cells/mL. Cultures of CFU-GM and CFC-PreB were incubated for 7 days in a fully humidified atmosphere of 5% CO,, 5% 0,, and 90% N,. Plates were fixed in a solution of 0.1% methylene blue in 5% glutaraldehyde and scored at 40X using an inverted microscope. CFU-GM colonies are described as aggregates of 240 cells, whereas CFC-Pre-B colonies were defined as 220 cells.
In some experiments, colony-containing agar or agarose cultures were fixed for 30 minutes with 1.25% glutaraldehyde in phosphate buffered saline (PBS) and floated out of the culture dishes by gentle submersion in distilled water. Intact cultures were placed on albumin-coated microscope slides and allowed to dry completely overnight at room temperature. Slides were then subjected to staining with: (1) acetylcholinesterase for identification of megakaryocytes by the method of Jackson15; (2) a-napthyl-acetate esterase for monocyte/macrophage identification (Sigma Kit no. 90-A1, Sigma Chemical, St Louis, MO); (3) napthol AS-D choroacetate esterase for granulocytic cells (Sigma Kit no. 90-C2); (4) lux01 fast blue by the method of Johnson and MetcalfI6 for eosinophils; (5) 0.1% methylene blue in 5% glutaraldehyde to highlight overall nuclear morphology; and (6) benzidine by the method of Stephenson et all7 for erythroid cells.
Co-cultivation of bone marrow with retrovirus producing cells. The pLNL plasmid containing the N2 retroviral v e~t o r '~. '~ was transfected into $2 cells?o N2 producing $2 clones were selected in G418 as previously described?' In the N2 vector, the neomycin phosphotransferase gene is under the transcriptional control of the Moloney murine leukemia virus long terminal repeat. One $2 clone, N2$2.C3, was used in all experiments and had a stable titer of 5 x IO6 G418' CFU/mL as measured on NIH 3T3 cells.*' N2+2.C3 cells were trypsinized and suspended in Dulbecco's Modified Eagle's Medium (DMEM, GIBCO) with 10% supplemented calf serum (Hyclone) and irradiated with a 137Cs source (8000R, 1195 R/min; J.L. Shepard Co, Glendale, CA). Cells were seeded into 60 x 15 mm plates such that after 15 minutes of incubation at 37OC, the cells were approximately 90% confluent. The media was then aspirated and replaced by 5 mL of DMEM with 20% FBS containing 1.0 x lo7 cells and either no cytokines, 10% WEHI-3B conditioned medium, 5 x IO' U IL-7, or both WEHI-3B and IL-7. Plates were incubated for 48 hours in incubator conditions as per colony assays, and the cells were then harvested by gentle pipetting, washed, counted, and plated in the appropriate colony assay with and without a final concentration of 2 mg/mL of G418 (Geneticin, GIBCO). Previous dose titration studies with this lot of G418 demonstrated that it inhibited CFU-GM and CFC-Pre-B colony formation completely. As an additional control, bone marrow cells were cultured for CFU-GM and CFC-Pre-B at time zero (before co-cultivation on $2 cells) with 2 mg/mL G418 to assure that this dose induced 100% inhibition of colony growth.
Determination of the percentage of CFC-Pre-B and CFU-GM in S
phase. The cycling status of CFC-Pre-B and CFU-GM was determined by the high specific activity, tritiated-thymidine ('HTdR) kill technique as previously described.I2 Briefly, bone marrow cells were co-cultivated with $2 cells as described above with either control medium, IL-7, or WEHI-3B conditioned medium. After 24 or 48 hours of incubation at 37OC, cells were harvested and suspended at 1 x106 viable cells in 0. 5 (2.5 mg, Sigma) was added, the cells were washed three times, and plated in the appropriate colony assay. The percent reduction in colony number in cultures of cells incubated with 'H-TdR, compared with unlabeled thymidine only, was taken as a measure of the percentage of cells in S phase. The percentage of CFU-GM and CFC-Pre-B in cycle at time zero was determined by performing 'H-TdR suiciding on the same bone marrow that was used in co-cultivation studies with $2 cells.
All experimental points in the colony assay were plated in quadruplicate. Data is expressed as the mean 5 1 standard deviation and Student's t test was used to determine if two experimental values were significantly different.
Statistical analysis.
RESULTS
IL-7 stimulates clonal growth of normal bone marrow
cells. Unfractionated normal murine bone marrow cells were plated in agarose cultures with increasing concentrations of purified murine IL-7. After 7 days of incubation, discrete colonies, defined as aggregates of 2 2 0 cells, were observed and enumerated. Growth of colonies was stimulated with as little as 5 U/mL (50 pg/mL) of IL-7, with plateau growth observed at 50 U/mL (Fig 1A) . The frequency of clonogenic cells was approximately 1 in 1,700. No apparent inhibitory effects were noted with as much as 1,000 U/mL of IL-7 (data not shown). In addition, in control wells lacking IL-7, spontaneous colony formation was not observed with as many as 1.5 x lo5 cells plated per milliliter (data not shown).
To determine whether colony growth was clonal, varying numbers of bone marrow cells were seeded into cultures containing 1,000 U/mL of IL-7. Colonies were scored after 7 days' incubation and the results demonstrated that the number of colonies increased linearly with increasing numbers of cells plated (Fig 1 B) . Linear regression analysis of the data showed that the slope of the regression line was 0.994 and that the line passed approximately through the origin (Fig 1B) . This suggests that each colony was clonally derived.
IL-7 responsive clonogenic cells express the B220 surface
antigen. The B220 surface antigen, recognized by MoAb 2C2, is expressed on murine pre-B ~el1s.l~ Because IL-7 was originally identified as a pre-B cell growth factors.6 we sought to determine whether the colony-forming cell (CFC-Pre-B) expressed the B220 surface antigen. Cells expressing 2C2 (2C2+) were enriched by immunomagnetic separation and plated in the colony assay with IL-7, GM-CSF, or 10% WEHI-CM and counted after 7 days of incubation.
Using a bead to cell ratio of 9:1, an average of 12.9% of the nucleated bone marrow cells were separated into the 2C2+ population (range 11.9% to 15.0%). Quantitative recovery of total nucleated cells, CFC-Pre-B, and CFU-GM was observed in these experiments (data not shown). Using this cell population we established that the 2C2+ population contained a higher frequency of CFC-Pre-B compared with unfractionated marrow (Table 1) . No CFU-GM were recovered in the 2C2+ population (data not shown), indicating that the colony-forming cells in this fraction were restricted to a pre-B cell phenotype. The small percentage of CFCPre-B remaining in the 2C2-population could be eliminated by a second round of immunomagnetic selection with 2C2 (data not shown), suggesting that all of the cells responding to IL-7 to form colonies are pre-B cells expressing the B220 antigen. Thus, a subpopulation of pre-B cells (CFC-Pre-B) responds to IL-7 by forming clonally derived colonies.
Phenotypic characterization of colonies grown in ZL-7.
In situ characterization of colonies in IL-7 stimulated cultures of unfractionated bone marrow stained with methylene blue demonstrated two distinct subtypes of colony. Small tightly grouped colonies of 20 to 200 cells grew within the agarose matrix (Fig 2A) . Another type of colony composed of 20 to 1,000 cells grew in a dispersed pattern at the top of the agarose layer (Fig 2B) . The dispersed colony morphology is probably related to the less-restricted mobility of cells at the top of the agarose whereas those cells within the agarose matrix are more restricted. In some experiments, individual colonies were removed from culture dishes with a Pasteur pipet, dispersed into single cell suspensions, and deposited onto slides with a cyto-centrifuge. Wright's Giemsa staining of cells from both colony types demonstrated a morphologic appearance characteristic of small-to medium-sized lymphocytes (data not shown).
Histochemical analysis of the cells comprising IL-7 or GM-CSF stimulated bone marrow colonies was performed. A number of enzymatic stains that specifically recognize megakaryocytes, granulocytes, and monocytes/macrophages were performed on cultures stimulated with IL-7 or GM-CSF (as a positive control for histochemical staining). The colonies in IL-7 containing cultures were uniformly negative for those myeloid cell markers (Table 2) . We did observe low numbers of clusters of 6 to 10 cells that stained positively for granulocyte, macrophage, or eosinophil enzyme markers when unseparated marrow was used as a target cell population. They were not scored as colonies because they were below the threshold size for colonies in these studies. These clusters were not observed when B220+ target cells were used in the colony assay. In addition, in situ observation of colonies before fixation, and benzidine staining of IL-7-stimulated colonies showed no evidence of hemoglobinization of colonies (Table 2) , indicative of erythroid growth. This indicates that the colonies growing in IL-7 were not of a myeloid or erythroid phenotype.
Infection of CFC-Pre-B and CFU-GM by a retroviral vector.
The apparent specificity with which IL-7 stimulated the clonal proliferation of colonies from cells with a pre-B cell phenotype (2C2+) led us to examine whether we could target the infection of this cell population by a retrovirus in vitro. Studies were performed whereby irradiated, retrovirus producing $2 clones were co-cultivated with unfractionated normal murine bone marrow cells in the presence of IL-7, WEHI-3B conditioned medium (IL-3), both cytokines, or control medium for 48 hours. The bone marrow cells were then harvested and plated in colony assays G418 with either IL-7, IL-3, or GM-CSF. The percentage of G418-resistant clones was determined by comparing the number of colonies grown in the presence and absence of G418 within a given experimental group.
A low but variable level (=5%) of CFU-GM and CFCPre-B infection occurred in the absence of any exogenously supplied cytokine (Table 3) . When IL-7 was present during the 48-hour co-cultivation period, a significant increase in the (Table 3 ). In contrast. the presence of 11.-7 did not enhance the percentage of GlIR-resistant CFU-GM (Table  3) . H'IIttI-CM. which contained lL.1. promoted significant infection of CFU-CiH that form colonies in response to U'I~III-CM and GV-CSF. but not CfT-Pre-R ( Table 3 ).
The presence of both cytokina during the co-cultivation period resulted in infection of both CFL-GM and CFCPrc-n at levels seen with either cytokinc alone (T;iblc 3).
This indicatec that 11.-7 but not 11.-2 a n enhance the frqucncy of infection o f CFC-Pre-R. .. Agarose pellicles were stained as described in Materials and Methods. Whole cultures were scored microscopically and are expressed as the number of positive colonies per total colony number examined. In cultures stimulated with GM-CSF, only pure granulocyte (napthol-ASD chlorace tate esterase positive, N-ASD) monocyte (a-naphthyl acetate esterase positive, a-NAE), eosinophil (Lux01 fast blue positive, LFB), megakaryocyte (acetylcholinesterase positive, Ache) or erythroid (benzidine positive) colonies were scored. Pure or mixed colonies were scored in cultures stimulated by IL-7. As a control for benzidine staining of erythroid cells, normal murine bone marrow was stained.
Abbreviation: ND, not done.
CFU-GM was significantly reduced (Fig 3) . CFC-Pre-B cycling after 24 or 48 hours was maintained or slightly augmented compared with time zero cells only in the presence of 1L-7 (Fig 3) . In contrast, CFU-GM cycling was enhanced only when IL-3 was present during the cocultivation period (Fig 3) . The effects of IL-7 and IL-3 on colony-forming cell cycling correlated well with the observed effects on retroviral infection frequency. This suggests that the specificity of infection of CFC-Pre-B by IL-7 is related to the maintenance of cell cycling induced in this cell compartment. Normal bone marrow cells (1 x lo7) were co-cultivated for 48 hours in medium alone, IL-7 (5,000 UJmL). WEHI-39 conditioned medium (10%). or both cytdtines. Cells were harvested and plated in semi-solid cultures in the presence of 11-3 (CFU-GM), GMCSF (CFU-GM), or IL-7 (CFC-Pre-8) to stimulate colony formation, with or without 2 mg/mL G4 18. The percentage of G418 resistant colonies (G418r) was determined by dividing the number of colonies that grew in the presence of G4 18 by colony numbers observed in the absence of G4 18, multiplied by 100%. The total number of colonies observed in cultures lacking G418 is shown in parentheses. Pooled data from two to three experiments.
*Significantly different from media cc-cultivation group, P at least and pre-B cell lines resulting from retroviral transformation often have altered growth factor responsiveness or grow independent of the adherent stromal cell layer in an apparently factor-independent manner.27-3' Thus, these cells may not be truly representative of normal pre-B cells.
IL-7 was recently cloned by direct expression using messenger RNA (mRNA) from a WW culture-derived stromal cell line.6 IL-7 stimulates the proliferation of pre-and pro-B cells from WW cultures,6 and we now show that IL-7 can stimulate the clonal growth of colonies in semi-solid cultures of normal murine bone marrow. The data reported here confirm and extend recent observations by Lee et al" regarding clonal growth of pre-B cells in an agar-based assay in response to IL-7. Unlike the studies of Paige et a1:-l0 where stromal cells were needed to promote the growth of B220 positive fetal liver pre-B cells in a colony assay, we observed that B220 positive pre-B cells formed colonies in the presence of IL-7 alone. This suggests that the stromal cell factor reported by these authors may have been 1L-7.8.9
Characterization of the colony-forming cell responding to IL-7 demonstrated that the cell was relatively rare. Clearly, only a small percentage of the B220 positive cells present in normal murine marrow were capable of forming colonies in response to IL-7. The functional significance of this property remains to be determined. It has also been shown in the colony assay that WW nonadherent cells depleted of accessory cells' and an IL-74ependent cell line, clone 2B, exhibit dose response curves for IL-7 that are indistinguishable from normal bone marrow (D.E. Williams, unpublished observation). This indicates that, at least with respect to the responsiveness to IL-7 in a clonal assay, WW cells and the IL-74ependent clone 2B appear to be representative of their normal counterparts in the bone marrow.
Analysis of cells within the colonies developing in response to IL-7 demonstrated a lymphoid morphology and an absence of any myeloid histochemical markers associated with granulocyte-macrophage colonies. A low frequency of small clusters of granulocytes and/or macrophages was observed in cultures of unseparated bone marrow grown in the presence of IL-7 but not when B220 positive cells enriched by immunomagnetic selection were used. The fact that IL-7 can stimulate IL-6 mRNA tran~cription~~ suggests that accessory cells present in unseparated marrow preparations could have produced IL-6 in the 7-day cultures, stimulating proliferation of granulocyte-macrophage progenitor^.^^
We have also demonstrated that the inclusion of IL-7 in the media while bone marrow cells were co-cultivated with retrovirus-producing cells specifically targeted the infection into IL-7 responsive colony-forming cells. No apparent enhancement of the frequency of infected CFU-GM was observed in cultures containing IL-7 during co-cultivation, whereas the myeloid regulator IL-3, present in WEHI-3B-conditioned medium, did promote significant CFU-GM infection. Conversely, IL-3 did not promote the infection of IL-7 responsive colony-forming cells when included in the cocultivation medium. 'H-TdR suiciding studies indicated that the restriction of infection to CFC-Pre-B in IL-7 cocultivated cultures was due to the specific induction of cycling of this cell population. This suggests that in previous studies where retrovirally marked (co-cultivation done with IL-3) cells were injected into lethally irradiated hosts and repopulated the B-cell compartment, infection occurred in a cell more primitive than the B220 positive IL-7 responsive colony-forming This is supported by the observation that the same pattern of proviral integrations has been observed in B cells and myeloid cells in some transplanted animals.''923 The absence of any detectable infection of CFU-GM when IL-7 was present during co-cultivation is difficult to explain in light of the observation that small clusters (6 to 10 cells) of granulocytes and macrophages grew in the colony assay with IL-7 when whole bone marrow was used as a target cell population. It is possible that if IL-7 indirectly stimulates growth of CFU-GM by stimulating the production of secondary cytokines by bone marrow accessory cells, then the 48-hour co-cultivation period may have been inadequate to allow CFU-GM cycling and retroviral integration.
Efficient retroviral infection often requires that the target cell be actively c y~l i n g .~' -~~ Infection of early B cells with oncogene containing retroviruses has been achieved in longterm cultures of bone marrow cells under both myeloid" or l y m p h~i d~'~~~~~' culture conditions. The tropism of retroviral constructs for the B-cell lineage can be examined in this manner. However, the low frequency of transformation events using oncogene containing retroviral vectors means that it often takes weeks for outgrowth of transformed clones to be o b~e r v e d .~'~~~~~' It is also not possible to determine whether a B-lymphoid cell was the primary target of infection in long-term cultures, or if the transforming potential of the oncogene containing retrovirus was the result of infection of a more primitive cell (stem cell?) that subsequently passed through the appropriate differentiation phase for transformation to occur. In the present studies we have shown that retroviral infection of normal bone marrow CFC-Pre-B, which are a subpopulation of pre-B cells, occurred at a high frequency when IL-7 was present during the co-cultivation period. In contrast, IL-7 was unable to enhance the infection frequency of myeloid progenitor cells (CFU-GM), suggesting that IL-7 does not directly stimulate proliferation of cells in this pathway of differentiation. Such an infection protocol may be useful in examining the ability of various promoter elements to be efficiently transcribed in cells at the pre-B cell stage of differentiation, or alternatively, may provide better insight into the spectrum of cell types on which IL-7 may act.
